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I .  INTRODUCTION 


One  of  the  critical  unknowns  in  the  development  of  repetitively  fired 
electromagnetic  rail  guns,  along  with  pulsed  power  switching,  is  the  progres¬ 
sive  degradation  of  the  inner  bore  surface.  Virtually  all  rail  gun  firings 
leave  a  black  powdery  residue  on  the  inner  surfaces  of  the  bore  after  a  single 
shot.  Analyses  of  this  residue  have  been  reported  by  various  experimenters 

utilizing  a  variety  of  techniques.  Typically  these  techniques  involve  re¬ 
moval  of  the  residue  from  a  bore  surface  prior  to  analysis,  a  process  which 
raises  the  question  of  whether  or  not  a  representative  sample  was  actually 
taken.  Reported  analyses  include  chemical  and  atomic  methods,  both  of  which 
are  sensitive  to  the  chemical  form  (or  forms)  of  each  of  the  elemental  constifc- 
uents  of  the  residue. 

Sensitivity  to  the  chemical  form  of  each  of  the  residue  constituents 
leads  to  uncertainty  in  the  completeness  of  the  analysis.  It  is  doubtful  that 
a  careful  search  for  every  possible  chemical  form  possible  in  the  residue 
could  be  performed.  Nuclear  backscattering  is,  however,  sensitive  only  to  the 
masses  of  the  target  and  bombarding  nuclei.  Residue  analysis  by  a  nuclear 
backscattering  technique  is  therefore  completely  insensitive  to  the  chemical 
composition  of  the  residue.  A  numerical  method  of  determining  the  composition 
of  surface  layers  from  nuclear  backscattering  data  has  been  developed  and  doc¬ 
umented  by  Niiler,  et  al.* 2 * 4  This  method  has  been  successfully  used  for  a  vet- 
riety  of  applications  including  substrate-plating  interface  studies5 * 7  surface 
erosion  effects  and  elemental  analysis  of  refractory  materials. 


C.  A.  L.  Westerdahl,  J.  Pinto,  G.  L.  Ferrentino,  D.  N.  Scherbarth,  and  T. 
Gora,  "Large  Rail  Gun  Residue  Material  Analyzed  by  X-Ray  Photoeleetron  Spec¬ 
tra  soapy , "  IEEE  Trans,  on  Mag.  Vol.  Mag-19,  No  1,  January  1983,  p  53. 

2 

A.  J.  Bedford,.  "Rail  Damage  in  a  Small  Calibre  Rail-Gun,  "  2nd  Symposium  on 
E lectromagnetic  Launch  Technology,  Boston,  MA,  October  10-13 ,  1983.  ' 

2 

P-  l°:UeTf  /•  /•  B^eT\  and  W-  R-  Ker slake,  "Investigation  of  the  Residue 
xn  cm  Electee  Gun  Employing  a  Plasma  Armature,  2nd  Symposium  on  Electromag - 
net%c  Launch  Technology,  Boston,  MA,  October  10-12,  1983. 

4 

A.  Niiler,  R  Birkmire  and  J.  Gerrits  "PROFILE:  A  General  Code  for  Fitting 
Ion  Beam  Analyses  Spectra,  BRL  Report  ARBRL-TR-02233,  April  1980.  ADA-084 

2216l'°a'Vla^le  ^r0m  National  Teohntcal  Information  Service,  Springfield,  VA 

William  F.  Henshaw,  John  R.  White  and  Andrus  Niiler,  " Ion  Plating  of  Chrome 
Coating  in  Tubes,  BRL  Report  ARBRL-TR-02430,  October  1982.  ADA-121  266 

Available  from  National  Technical  Information  Service,  Springfield,  VA  22161. 

£ 

Rr  Birkmfe  s-  E ■  OalA,ell  " The  Effects  of  Propellant  Bum  on 

7  0»7 Supfaae  c°'9osJ-i:lon  °f  Bun  Steel  BRL  Report  ARBRL-TR-02380,  November 
Ifle'l.Tlws  isf0'"  mtt0nal  Teahni°al  Information  Service,  Springfield,  VA 
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In  this  report  we  describe  a  technique  we  have  developed  and  implemented 
for  analysis  of  the  post  firing  residue  of  a  rail  gun.  This  technique  in¬ 
volves  the  collection  of  residue  on  an  inner  bore  surface  insert  which  is  re¬ 
moved  for  nuclear  backscattering  analysis.  The  results  from  one  experiment 

7 

performed  at  the  BRL  one  meter  rail  gun  are  presented  and  discussed. 

II.  EXPERIMENT 
7 

The  BRL  one  meter  rail  gun,  which  utilizes  arc  drive,  is  typical  of  many 
such  devices  in  that  after  a  firing  all  the  inner  bore  surfaces  are  covered 
with  a  black,  soot-like  residue.  This  residue  is  presumed  to  be  the  remnant 
or  result  of  an  arc  which  carried  a  current  on  the  order  of  100,000  amperes 
and  sustained  Lorentz  pressures  on  the  order  of  10' s  of  MPa  as  it  accelerated 
a  projectile  down  the  bore.  In  laboratory  devices  this  residue  creates  only  a 
small  inconvenience,  but  for  future,  fieldable  systems,  any  such  coating  on 
insulator  surfaces  must  be  well  understood.  The  first  step  toward  a  complete 
description  of  this  soot  is  collection  and  analysis.  To  collect  a  sample  of 
the  residue,  a  3mm  Cl/8  inch)  hole  was  drilled  through  one  of  the  insulating 
sections  of  the  rail  gun  barrel.  A  10mm  (3/8  inch)  diameter  by  3mm  (1/8  inch) 
thick  beryllium  disk  was  affixed  on  the  outside  of  the  insulating  section, 
completely  covering  the  hole.  Figure  1  shows  a  cutaway  view  of  the  inner  bar¬ 
rel  assembly  with  the  disk  in  place.  Copper  bars  comprised  the  upper  and 
lower  conducting  sections  of  the  barrel  while  tee  shaped,  fibered  epoxy  mem¬ 
bers  formed  the  opposing  insulating  sections  of  the  barrel.  During  the  firing, 
the  beryllium  disk  was  supported  so  that  hydrostatic  pressure  from  the  arc 
would  not  displace  it.  The  disk  was  located  52cm  from  the  point  at  which  the 
arc  was  initiated  and  40cm  from  the  muzzle  of  the  gun.  The  sample  site  was 
chosen  to  be  mid-bore,  where  visual  inspection  suggested  that  the  soot  thick¬ 
ness  was  representative  of  the  average  deposition  throughout  the  entire  bore 
surface.  The  use  of  a  removable  disk  of  beryllium  inserted  as  part  of  the 
inner  bore  surface  should  guarantee  that  the  composition  of  the  collected  res¬ 
idue  is  as  representative  as  possible.  Note,  however,  that  turbulence  and 
deposition  in  the  passage  linking  the  bore  and  insert  may  affect  the  residue 
composition.  The  parameters  for  the  firing  were  as  follows: 

0  Peak  Arc  Current  180,000  A 

0  Arc  Current  at  collection  site  30,000  A 

0  Arc  initiator  0.10  gram  aluminum  foil 

0  Final  projectile  velocity  1.4  km/s 

0  Barrel  initially  at  atmosphere  pressure 

0  2.4  gram  lexan  projectile  with  neoprene  rear  seal 

0  Closed  breech 

After  the  firing,  the  usual  rail  gun  residue  was  observed  from  the  muz¬ 
zle  end  of  the  bore  towards  the  breech  over  a  distance  of  about  70cm.  The 
soot  was  visible  not  only  on  the  inner  surfaces,  but  also  in  the  joints 


K.  A.  Jamison  and  Henry  S.  Burden,  "A  Laboratory  Arc  Driven  Rail  Gun , 

BRL  Report  ARBRL-TR-02S02,  June  1983.  ADA  131  153,  Available  from  National 
Technical  Information  Service,  Springfield,  VA  22161. 
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Figure  1.  Cutaway  view  of  rail  gun  barrel  showing  residue  collection  site 


oe  ween  the  copper  and  insulating  rails  where  high  pressure  forced  the  residue 
as  the  projectile  was  accelerating.  Also  clearly  visible  was  a  spot  where 
soot  was  deposited  on  the  beryllium  disk. 


The  disk  was  removed  from  the  rail  assembly  and  placed  in  a  vacuum  cham¬ 
ber  along  with  a  clean  (washed  with  acetone)  beryllium  disk.  Next,  a  beam  of 
1.0  MeV  deuterons  was  focussed  in  turn  on  each  disk,  normal  to  the  face.  A 
silicon  surface  barrier  detector  located  on  a  line  20  degrees  off  the  normal 
detected  the  energies  of  the  160  degree  backscattered  deuterons.  Pulses  from 
the  detector  were  preamplified,  amplified,  and  recorded  by  a  pulse  height  an¬ 
alyzer,  resulting  in  a  distribution  of  backscattered  flux  versus  energy  of  the 
backscattered  deuteron.  The  distributions  recorded  for  the  clean  beryllium 
disk  and  for  the  one  used  for  residue  collection  are  shown  in  Figure  2  and 
Figure  3  respectively.  The  observed  structure  is  delineated  with  the  causa¬ 
tive  elements.  Since  the  energy  of  the  deuteron  backscattered  by  a  surface 
nucleus  is  dependent  only  on  its  precollision  energy  and  the  mass  of  the  nu¬ 
cleus  with  which  it  collides,  easy  identification  of  spectral  features  which 
result  from  surface  collisions  may  be  obtained.  As  the  beam  of  deutrons  tra¬ 
verses  the  residue,  however,  it  loses  energy  and  the  precollision  energy  be¬ 
comes  progressively  smaller.  The  scattered  deuterons,  too,  lose  energy  as 
they  exit  the  material  being  analyzed.  The  net  result  of  these  effects  is  the 
series  of  wedge  shaped  structures  which  extend  to  lower  energies  from  the  ele¬ 
ment  labels.  The  ledge  labeled  Be  results  from  deuterons  which  have  been 
backscattered  from  the  beryllium  disk  beneath  the  residue.  The  very  small 
peaks  labeled  0  and  C  in  Figure  2  are  probably  the  result  of  the  acetone  wash¬ 
ing  and  the  carbon  represents  less  than  0.03  percent  of  the  surface  probed. 

The  slight  difference  in  the  level  to  the  left  and  right  of  the  oxygen  peak  in 
Figure  2  is  a  result  of  the  composition  of  the  insert  which  is  two  percent 
BeO.  A  one  percent  oxygen  content  accurately  models  this  spectral  feature. 

Figure  3  displays  easily  visible  features  resulting  from  beryllium, 
carbon,  oxygen,  aluminum  and  copper.  While  the  copper  wedge  is  largest  it 
must  be  remembered  that  backscattering  cross  sections  vary  like  as  the  square 
of  the  nuclear  charge  of  the  scattering  center.  A  consequence  of  the  charge 
ependence  of  the  cross  section  is  that  copper  actually  accounts  for  the  small- 
est  traction  of  any  of  the  residue  constituents. 

It  is  of  some  concern  that  no  easily  identifiable  structure  is  observed 
for  nitrogen  which  is  present  in  both  the  insulating  sections  of  the  bore  and 
c  rear  seal  on  the  projectile.  Other  portions  of  the  spectrum  not  shown  in 
Figure  3  verify  the  presence  of  small  amounts  of  nitrogen.  If  large  amounts 
o  nitrogen  were  present  in  the  residue  some  structure  should  be  visible  be¬ 
tween  the  wedges  labeled  C  and  0.  One  possible  explanation  is  that  nitrogen 
rorms  volatile  compounds  which  do  not  plate  out  as  residue. 


For  quantitive  analysis  of  the  amount  of  each  of  the  residue  constituents 
one  must  turn  to  rather  sophisticated  numerical  techniques  as  may  be  found  in 

computer  codes  such  as  "PROFILE"3  which  was  developed  to  give  atomic  densities 
from  backscattered  data  as  presented  here.  The  program  essentially  sections 
he  surface  into  layers  as  defined  by  the  user  and  returns  the  atomic 
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Figure  2.  Backscatter  spectrum  of  1.0  MeV  deuterons  impacting  clean  beryllium  disk 
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Figure  3.  Backscatter  spectrum  of  1*0  MeV  deuterons  impacting  rail  gun  residue 
collected  on  beryllium  disk 


percentage  for  each  specified  constituent,  layer  by  laver.  The  specified  inputs 
to  PROFILE  were  the  spectrum  of  Figure  3,  a  layer  thickness  of  40  yg/cm  ,  and 
the  constituents  copper,  aluminum,  oxygen,  carbon,  beryllium  and  hydrogen. 

The  output  of  PROFILE  is  shown  in  Table  1  and  is  displayed  graphically  in  Fig¬ 
ure  4.  Figure  4  omits  the  values  of  beryllium,  since  it  is  not  part  of  the 
residue,  and  the  values  for  H  because  they  have  large  uncertainties.  Depth 
into  the  surface  is  read  from  left  to  right;  conversely,  the  time  sequence  of 
the  "plating  out"  of  the  residue  is  read  from  right  to  left.  The  percentage 
values  for  C,  0,  and  A1  are  decreasing  or  constant  as  one  probes  deeper  into 
the  residue.  The  atomic  percentage  of  copper  decreases,  increases  and  then 
decreases  which  might  indicate  temporal  changes  in  the  gases  plating  out  to 
form  the  residue.  While  this  sample  does  not  have  the  statistical  certainty 
to  define  these  temporal  changes,  the  technique  described  here  does  have  the 
potential  for  analyzing  significant  temporal  changes  in  plating.  To  extend 
the  analysis  in  this  area  would  require  knowledge  about  diffusion,  the  chemis¬ 
try  of  the  residue,  and  the  thermal  history  of  the  collection  site.  These 
factors  are  beyond  the  scope  of  this  report. 

The  values  in  Table  1  and  Figure  4  are  number  densities  and  must  be  mul¬ 
tiplied  by  the  corresponding  atomic  weight  if  mass  comparisons  are  to  be  made. 

TABLE  I 


Percentage  Relative  Atomic  Concentration  vs  Depth 


Depth 

(yg/cm2) 

Carbon 

(%) 

Oxygen 

(%) 

Aluminum 

(%) 

Copper 

c%) 

Hydrogen* 

(%) 

Beryllium 

(%) 

40 

10.0 

7.4 

4.5 

2.0 

76 

0 

80 

10.0 

7.2 

4.5 

1.1 

52 

25 

120 

9.0 

7.0 

4.5 

1.4 

32 

46 

160 

7.0 

5.2 

3.4 

1.1 

21 

62 

200 

4.0 

4.0 

2.7 

1.0 

14 

74 

240 

2.0 

3.0 

1.6 

.6 

12 

80 

280 

1.0 

1.0 

.5 

.3 

11 

86 

320 

0 

0 

0 

0 

10 

90 

360 

0 

0 

0 

0 

5 

95 

400 

0 

0 

0 

0 

0 

100 

*Values  for 

hydrogen  must  be 

regarded  as 

estimates 

only. 

The  depth  scale  is  given  in  terms  of  areal  density,  in  units  of  yg/cm.  The 
more  logical  measure  of  thickness  cannot  be  used  since  the  density  of  the  soot 
as  it  lies  on  the  Be  surface  is  neither  constant  nor  determinable.  The  values 
tabulated  for  hydrogen  have  by  far  the  greatest  uncertainty  as  no  direct  spec¬ 
tral  structure  can  be  detected.  Second  order  effects  in  the  spectrum  do  im¬ 
ply  extra  material  on  the  surface  and  hydrogen  was  the  only  choice  since  any 
element  heavier  than  beryllium  would  have  exhibited  spectral  features.  The 
resulting  number  density  of  hydrogen  cannot  be  very  exact  but  is  included  in 
Table  1  as  a  matter  of  completeness. 
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Figure  4.  Concentration  versus  depth  profile  for  elements  identified  in  rail 
gun  residue 


It  is  useful  to  compare  the  relative  number  of  atoms  in  the  total  collected 
residue.  The  copper  undoubtedly  originated  in  the  rails,  the  aluminum  in  the 
arc  initiator  foil,  and  the  carbon  and  oxygen  in  either  the  insulating  side 


rails  or  the  projectile, 
ratios  were  found. 

With 

copper 

as 

the  base  line,  the  following  atomic 

0 

Al/Cu 

3.0 

+ 

0.6 

0 

O/Cu 

4.7 

+ 

.8 

0 

C/Cu 

6.3 

+ 

1.0 

Even  if  the  hydrogen  results  are  excluded,  Cu  from  the  rails  accounts  for  less 
than  7  percent  of  the  residue.  If  hydrogen  is  included,  the  fractional  number 
of  copper  atoms  in  the  residue  is  only  three  percent. 


To  compare  the  relative  mass  of  each  of  the  constituents,  the  previously 
stated  atomic  percentages  must  be  converted  for  each  individual  layer.  This 
conversion  is  tabulated  in  Table  2;  again,  hydrogen  and  beryllium  are  not  in¬ 
cluded.  The  relative  mass  abundance  of  each  of  the  elements  listed  in  Table 
2  is  nearly  equal,  owing  to  the  wide  variance  in  atomic  weight.  The  totals 
represent  the  total  mass  per  unit  area  of  each  element  deposited  on  the  beryl¬ 
lium  insert. 


TABLE  II 

Areal  Mass  Density 

Of  Residue 

Constituents  By  Layer 

Layer 

Range 

Carbon 

Oxygen 

Aluminum 

Copper 

(yg/cm  ) 

(yg/cm2) 

(yg/cm2) 

(yg/cm2) 

(yg/cm2) 

0-40 

3.8 

3.8 

3.9 

4.0 

40-80 

4.1 

3.9 

4.1 

2.4 

80-120 

3.7 

3.8 

4.2 

3.0 

120-160 

3.1 

3.0 

3.3 

2.5 

160-200 

1.8 

2.4 

2.8 

2.4 

200-240 

1.0 

1.9 

1.7 

1.5 

240-280 

.5 

.7 

.6 

.8 

Total,  all 

layers  18.0 

19.6 

20.6 

16.8 

The  sample  site  was  chosen  to  be  representative  of  the  average  deposition 
throughout  the  entire  bore  surface.  If  effects  of  the  recessed  configuration 
of  the  collection  scheme  (see  Figure  1)  may  be  ignored,  order  of  magnitude 

estimates  of  the  total  mass  of  residue  plated  onto  the  500  cm2  inner  bore 
surface  can  be  determined.  We  find,  by  multiplying  the  areal  density  by  the 
bore  surface  area,  0.010  and  0.008  grams  of  A1  and  Cu  deposited  respectively. 
The  aluminum  mass  accounts  for  1/10  of  the  mass  of  the  arc  initiator  foil  and 
is  reasonable  owing  to  the  fact  that  some  residue  escapes  the  bore  after  fir¬ 
ing  and  some  aluminum  remains  at  the  point  of  arc  initiation.  The  small  cop¬ 
per  mass  might  indicate  that  very  little  erosion  of  the  conducting  rails  has 
occurred.  However,  the  material  loss  is  likely  to  be  highly  nonuniform,  most 
of  it  occurring  at  the  arc  initiation  site.  We  are  in  the  process  of  measur¬ 
ing  the  erosion  of  copper  by  a  nuclear  activation  method  which  will  provide 
sub-micron  resolution  of  the  wear  due  to  plasma  arc  armatures  in  rail  guns. 


15 


IV.  CONCLUSION 


We  have  developed  and  implemented  a  technique  for  analysis  of  the  post 
fixing  residue  of  a  rail  gun.  This  technique  involves  the  collection  of  res¬ 
idue  on  an  inner  bore  surface  insert  which  is  removed  for  nuclear  backscatter- 
lng  analysis.  The  method  is  sensitive  only  to  the  atomic  mass  of  the  depos- 
lte  constituents,  not  to  their  chemical  composition  or  atomic  state.  The  re- 
sult  of  one  experiment  done  with  copper  rails,  melamine  insulators,  and  an 
a  uminum  foil  arc  initiator  shews  relatively  few  copper  atoms  in  the  residue. 
Carbon  comprises  the  largest  percentage  of  atomic  species  in  the  residue,  fol¬ 
lowed  by  oxygen,  aluminum  and  copper.  There  was  secondary  evidence  of  hydro¬ 
gen,  but  with  this  technique  quantitative  results  for  hydrogen  concentrations 
were  not  possible. 


More  spectral  detail,  resulting  from  better  energy  dispersion  over  the 
atomic  mass  range  observed  here,  is  possible  with  helium  backscattering. 

This  is  due  to  both  the  interaction  kinematics  and  the  higher  specific  energy 

T.f  "6llUm  10nS'  As  a  fVrther  Point  °f  interest,  it  might  be  possible  to 
unfold  the  sequence  of  constituent  ratios  from  an  undisturbed  residue  deposit. 


The  authors  are  performing  further  experiments  of  this  type  in  the  large 
rail  gun  accelerator  facility  at  Large  Caliber  Weapons  Systems  Laboratory, 
Dover,  New  Jersey. 
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